ABSTRACT: To better understand links between the diversity and activity of bacterial communities in the Arctic Ocean, the surface waters of the Chukchi Sea were examined by clone library analysis and by a combination of fluorescence in situ hybridization (FISH) and microautoradiography. About 60% of the 16S rRNA sequences from the library had closest BLAST hits to bacteria found previously in the Arctic, and some of these sequences appear to be restricted to polar waters. The number of operational taxonomic units in the library dropped by more than half when sequences were grouped at 99% sequence similarity, indicating that the library was composed of several bacterial clusters with high sequence similarity. Oligonucleotide probes were designed to enumerate some bacterial groups found in the clone library such as the Arctic96B-16 cluster, Roseobacter RCA cluster, AGG58 cluster, and Polaribacter clade. FISH analyses revealed that each of these groups typically accounted for 3 to 10% of prokaryotes, while well known cosmopolitan groups like the SAR86 and SAR11 clades made up 8 and 25% of the prokaryotic communities, respectively. Overall, > 60% of total prokaryotes belonged to 8 specific bacterial groups, of which the SAR11 clade was the most diverse (<13% 16S rRNA sequence difference). Together the Arctic96B-16, Roseobacter RCA, Polaribacter, and SAR11 clades also accounted for 25 to 82% of biomass production at 4 locations, as determined by a combination of FISH and microautoradiography of 3 H-leucine assimilation. These results indicate that community composition and biomass production in the western Arctic Ocean are dominated by a few bacterial groups.
INTRODUCTION
The application of PCR-based methods and shotgunsequencing of environmental gene sequences has revealed the great diversity of bacterial communities in the ocean , Venter et al. 2004 . It has been hypothesized that these diverse bacterial assemblages may be composed of ecotypes, that is, groups of closely related bacteria that fill similar ecological roles (Cohan 2002 , Giovannoni 2004 . Recent work on Massachusetts coastal waters, which used various techniques to minimize PCR errors, suggested that most of the bacterial 16S rRNA gene sequences could be placed into groups of ≥ 99% sequence similarity (Acinas et al. 2004 ). This tight clustering of bacteria would be expected if marine bacterial assemblages were composed of ecotypes. However, the ecological significance of groups with ≥ 99% sequence similarity is unclear, and it is unknown if this type of clustering is even common in the ocean. Analogous investigations of other marine environments are necessary to determine the prevalence and possible ecological significance of bacterial groups of high sequence similarity.
The diversity and organization of bacterial communities has been investigated most extensively in tem-perate waters, while other environments like the Arctic Ocean remain under-sampled (Bano & Hollibaugh 2002 , Pommier et al. 2005 . Microbial communities in the Arctic Ocean face different selection pressures than those found in temperate and tropical regions, such as perennially low water temperatures and strong seasonal patterns in ice cover and solar irradiance. These environmental factors could select for bacterial assemblages that are distinct from those found in temperate and tropical regions. Direct comparisons have been difficult, however, because little is known about the composition of bacterial communities in Arctic waters. For example, it is unclear if Arctic assemblages are composed of many bacterial clusters with high 16S rRNA gene sequence similarity, as has been found in temperate coastal waters (Acinas et al. 2004) . Further investigation into Arctic bacterial assemblages is needed to determine if they are composed of these microdiverse bacterial clusters.
Determining the abundance and distribution of specific microdiverse clusters, as well as broader groups, is an important step in understanding the ecological role of bacterial groups comprising Arctic assemblages. Fluorescence in situ hybridization (FISH) can be used to examine the abundance and distribution of phylogenetically related bacteria (Amann et al. 1995) . Quantitative data from FISH analyses complement results from clone libraries and can also provide information about bacterial groups that appear to be underrepresented in clone libraries. For example, members of the Bacteroidetes phylum can account for a larger fraction of bacterial assemblages than their abundance in clone libraries suggests (Cottrell & Kirchman 2000 . In addition, FISH can be combined with microautoradiography (micro-FISH) to track the assimilation of 3 H-leucine, an index of bacterial biomass production, by specific bacterial groups , Longnecker et al. 2006 . Both FISH and micro-FISH data are needed along with clone library analyses to identify the bacterial groups dominating Arctic communities and to determine their potential ecological impact.
In this study, we used FISH, micro-FISH, and clone library analyses to better understand the composition and activity of bacterial assemblages in the Arctic Ocean. Initially, a clone library of 16S rRNA genes was constructed from surface waters of the Chukchi Sea. This library was used to identify clusters of bacteria with different levels of sequence similarity, and to design fluorescent oligonucleotide probes for both highly similar clusters and more diverse groups of bacteria. Using these probes, the abundance of bacterial groups was determined at several locations and during different months in the Arctic. In addition, leucine assimilation by select bacterial groups was examined at 4 locations using micro-FISH. We found that the clone library was composed of clusters of bacteria with high sequence similarity, and that some of these clusters could account for a substantial fraction of total prokaryotes and biomass production in surface waters of the western Arctic Ocean.
MATERIALS AND METHODS
Sample collection. As part of the Shelf-Basin Interaction project (Grebmeier & Harvey 2005) , 5 l of seawater were collected from 20 m in the Chukchi Sea (73.096°N, 154.37°W) on June 13, 2004, for the construction of a clone library (Fig. 1) . Seawater was pre-filtered through a 0.8 µm polycarbonate filter (Poretics), and bacteria were collected on a 0.2 µm filter (Durapore) that was then stored in sucrose buffer (0.75 mol l -1 sucrose, 400 mmol l -1 NaCl, 20 mmol l -1 EDTA, and 50 mmol l -1
Tris-HCl pH 9.0) at -80°C prior to DNA extraction and library construction. Environmental parameters measured at the time of sampling were temperature -1.5°C, salinity 30.86, oxygen 406 µM, nitrate 0.6 µM, ammonium 0.2 µM, and phosphate 0.8 µM.
Whole seawater was collected from surface waters (5 to 30 m) for FISH analysis at 25 locations in the Arctic Ocean during spring and summer of 2002 and 2004 (Fig. 1) . Sample water was fixed with paraformaldehyde (2% final concentration), preserved overnight at 4°C, filtered (20 to 100 ml) onto white polycarbonate filters (0.2 µm), rinsed with deionized water, and stored at -20°C for later analysis using FISH. Bacterial biomass production was estimated from total leucine incorporation rates (Kirchman 2001) . Triplicate seawater samples were incubated with 20 nmol l -1 3 H-leucine for 2 h at in situ temperatures. Incorporated 3 H-leucine was collected by microcentrifugation and activity measured using liquid scintillation counting (Smith & Azam 1992) . Biomass production was calculated using a conversion factor of 1.5 kg C mol -1 of incorporated leucine, which assumes no isotope dilution (Kirchman 2001) .
Clone library construction and analysis. Community DNA was isolated from filters with a phenol/ chloroform extraction and ethanol precipitation. Purified DNA provided a template for 10 replicate PCR reactions (110 ng DNA per reaction) using universal bacterial primers 27f and 1492r for the 16S rRNA gene (Lane 1991) . To reduce the formation of heteroduplexes, the PCR reactions were reconditioned after 15 amplification cycles by diluting PCR products 10-fold with fresh PCR cocktail and performing an additional 3 cycles of amplification (Thompson et al. 2002 , Acinas et al. 2004 . PCR products were pooled and concentrated on a spin filter (Microcon YM-100), and were cloned with a PCR 2.1-TOPO kit (Invitrogen). Inserts were sequenced using universal bacterial primers 27f and 907r (Lane 1991 ) on a SpectraMedix sequencer using a BigDye Terminator 3.1 kit (Applied Biosystems).
No chimeras were found in the library using Bellerophon (Huber et al. 2004 ) and Chimera-Check (Cole et al. 2003 ), but 5 plastid sequences were identified and removed from the analyses. The DOTUR program was used to group the remaining 139 clones at various sequence similarity levels (e.g. 100, 99, 97%) (Schloss & Handelsman 2005) . The DOTUR program also calculated the Chao-1 estimator and the ShannonWiener index of diversity for the Arctic library. ARB and PHYLIP were used to construct neighbor-joining trees using the Jukes-Cantor correction (Felsenstein 2004 , Ludwig et al. 2004 ). Analyses of the Arctic library with DOTUR, ARB, and PHYLIP were based on alignments of sequences from Escherichia coli positions 98 to 845.
The diversity of the Arctic library was compared directly with the Massachusetts coastal library reported previously (Acinas et al. 2004) . Because some sequences in the Massachusetts coastal library were shorter than those in the Arctic library, diversity calculations for both libraries were based on sequence data from E. coli positions 170 to 636 to ensure sequence overlap. The Massachusetts coastal library also had more clone sequences (547 sequences) than the Arctic library (139 sequences), so the DOTUR program was used to generate diversity estimates for the Massachusetts coastal library based on multiple random samplings of 139 sequences.
Development and application of FISH probes. Fluorescent oligonucleotide probes were designed using ARB to quantify bacteria belonging to 6 phylogenetic groups occurring in the Arctic clone library (Table 1) . Redundant probes were designed for bacterial groups when possible, and probe sequences were screened against 16S rRNA sequences from the 'Ribosomal Database Project' (Cole et al. 2003) Table 1 . Oligonucleotide sequences for FISH probes designed in this study. Competitor probes: these unlabeled probes were used with corresponding Cy3-labeled probes (e.g. SAR86-677 and compSAR86-677) to minimize non-specific hybridization of the labeled probes ficity. Arctic SAR86 sequences were recognized by at least 2 of 3 probes, while the other probes matched all sequences within the targeted group. Unlabeled competitor probes (Manz et al. 1992) were also designed for some groups to ensure the specificity of hybridization (Table 1) . Hybridization buffer containing 30% formamide was selected over 20% formamide because it provided higher stringency, although no statistical differences were found at 3 locations in the Arctic where formamide concentrations were compared (data not shown). Cells were also identified using the general bacterial probe Eub338 (Amann et al. 1990 ), a probe specific for the Delaware (DE) cluster 2 subgroup of the Bacteroidetes , 4 probes for the SAR11 clade (Morris et al. 2002) , and a negative control probe (Karner & Fuhrman 1997 ). The final concentration of probe in hybridization reactions was 2 ng µl -1 per probe, and redundant probes were mixed together to make a single probe cocktail. The same hybridization buffer (900 mM NaCl, 20 mM Tris [pH 7.4], 0.01% SDS, 30% formamide) was used for all probes, and hybridization reactions were carried out at 42°C for 16 h. Filters were rinsed in a wash buffer (308 mM NaCl, 20 mM Tris [pH 7.4], 6 mM EDTA and 0.01% SDS) for 20 min at 48°C for all probes except the SAR11 probes, which were washed at 55°C. Filters were mounted on a glass slide with a coverslip using a mounting solution containing 4', 6'-diamidino-2-phenylindole (DAPI) (0.5 ng µl -1
) and a 4:1 mixture of Citifluor (Ted Pella) and Vectashield (Vector Labs). Ten fields of view and a total of 450 to 3000 cells were counted per sample. The negative control probe typically bound to <1% of DAPI-stained cells and never bound to more than 2.5% of DAPI-stained cells.
Leucine assimilation by bacterial groups. The incorporation of 3 H-leucine by the Polaribacter, RCA Roseobacter, Arctic96B-16, and SAR11 clades was examined using the micro-FISH procedure. Sample collection for micro-FISH analyses during the summer of 2004 were described previously (Kirchman et al. 2007 ). Briefly, whole seawater (20 to 60 ml) from 4 locations was incubated in the dark at in situ temperatures for 2 h with , PerkinElmer). These conditions are like those for measurements of bacterial production rates. Incubations were terminated with the addition of paraformaldehyde (2% final concentration) and preserved as described above for FISH analyses. Control samples killed with paraformaldehyde were incubated in parallel with live incubations. micro-FISH samples were analyzed as described previously ). An exposure time of 48 h was selected for autoradiography preparations in order to maximize the number of cells associated with silver grains (Kirchman et al. 2007 ). Ten fields of view and a total of 640 to 1300 cells were counted per sample using a semi-automated image analysis system described elsewhere .
Nucleotide sequence accession numbers. Sequences of 16S rRNA genes generated in this study were deposited in GenBank under Accession Numbers DQ177819 to DQ177840, DQ184424 to DQ184475, DQ186904 to DQ186970, and DQ200950 to DQ200951.
RESULTS
To better understand the diversity of bacterial assemblages in the Arctic Ocean, a clone library of 16S rRNA genes was constructed from surface waters north of Alaska. Gene sequences from 139 clones were used for phylogenetic analyses. Of these 139 clones, 127 contained 16S rRNA gene sequences that were distinct from other sequences in the library. Although there were few identical sequences, many of the sequences were highly similar. Indeed, the number of operational taxonomic units (OTUs) dropped from 127 to only 57 when sequences were grouped at a 99% similarity level. Further grouping at the 97% similarity level, however, resulted in only a small decrease to 45 OTUs. Estimates of the total diversity of the original sample community were also affected when sequences were grouped at different similarity levels. Using the Chao-1 estimator, diversity in the sampled community decreased from 1976 OTUs to 119 OTUs when sequences were grouped at 99% similarity, and dropped to 86 OTUs when grouped at 97% similarity. These results suggest that this Arctic bacterial assemblage was composed of clusters of closely related ribotypes.
The composition of the clone library was determined by assigning clones to various phylogenetic groups based on their closest BLAST hits as well as their positions in a neighbor-joining tree. Surprisingly, 53% of 16S rRNA gene sequences belonged to the Gammaproteobacteria, while nearly all other clones were assigned to either the Bacteroidetes phylum (29%) or the Alphaproteobacteria (17%) ( Table 2) . Of the remaining clones, one belonged to the SAR406 group, whereas the other appeared to be from a Grampositive bacterium. All clone sequences were ≥96% similar to previously discovered 16S rRNA sequences, and 45% of the clones were ≥99% similar to their closest BLAST hits (Table 2) . Interestingly, the closest BLAST hits of 60% of the clones were to 16S rRNA sequences previously found in the Arctic Ocean, although not always from the same region as our library.
Gammaproteobacteria
About a third of Gammaproteobacteria sequences were ≥97% similar to clone Arctic96B-16 (Table 2) , which was found previously north of Greenland (Bano & Hollibaugh 2002) . Similarly, a cluster of 7 SAR92 sequences were 99% similar to Arctic96A-14 and Arctic97A-6 clones, which were also found in Arctic waters (Bano & Hollibaugh 2002) (Fig. 2) . The SAR86 clade accounted for 6% of the total library and contained sequences 98% similar to those in Oregon and Massachusetts coastal waters as well as to a proteorhodopsin-containing BAC clone (EBAC31A08) from California coastal waters (Béjà et al. 2000) . 
Bacteroidetes
Fifteen clones belonging to the Polaribacter group were organized into 2 clusters of ≥ 98% similarity (Fig. 3) . These Polaribacter sequences were 99% similar to sequences found in the Arctic and Southern Oceans ( Table 2 ). The library also contained 8 sequences from the branch 2 cluster of the AGG58 clade (Table 2) . Sequences in the AGG58 branch 2 cluster were ≥97% similar to the Arctic97A-17 clone from the Arctic basin (Fig. 3) . The remaining Bacteroidetes clones did not form clusters and had closest BLASTS hits to other clones from the Arctic Ocean, Massachusetts coastal waters, and UK coastal waters.
Alphaproteobacteria
Of the 23 Alphaproteobacteria clones, 20 belonged to either the Roseobacter or SAR11 clade (Table 2) . SAR11 bacteria had an overall sequence similarity of > 87%, and 6 clones were ≥98% similar to Pelagibacter ubique strain HTCC1062 and clone Arctic96A-20 (Fig. 4) . Six sequences belonging to the RCA subgroup of the 50 Fig. 2 . Neighbor-joining tree of 16S rRNA gene sequences belonging to Gammaproteobacteria in the Arctic Ocean. Minimum % sequence similarity of group members is shown in parentheses, and branch nodes with > 60% bootstrap support (100 replicates) are indicated. Scale bar represents 10% sequence divergence; SBI04 designates clones from this study Roseobacter, which appears to be restricted primarily to temperate and polar regions (Selje et al. 2004 , Pommier et al. 2005 , formed a cluster of 98% similarity.
Quantitative analysis with FISH
We examined the composition of bacterial communities during different seasons at 25 sites located on the continental shelf and slope, and the Canada basin (Fig. 1) . The portion of prokaryotes identified by the general bacterial probe ranged from 57 to 89%, and averaged 75% across all locations and seasons, indicating that the bacterial assemblages were amenable to FISH analyses (Table 3) . By using probes designed for 6 groups found in our library, and probes for the SAR11 and DE cluster 2 clades, 63% of total prokaryotes could be identified on average (Table 3) . With the exception of the SAR11 clade, 3 to 10% of total prokaryotes could be assigned to each of the probe groups when averaged over all stations and seasons. Although there was variation among sites, the relative abundance of bacterial groups differed little when grouped by location (shelf, slope, and basin) or season (Table 3 ). These data suggest that bacterial communities in Arctic waters were largely composed of a few bacterial groups.
Both library and FISH data indicate that the same few groups dominated Arctic bacterial communities. For example, the SAR86 clade, Roseobacter RCA cluster, and the Arctic96A-14 cluster accounted for 7, 7, and 5% of library clones, respectively, and for 8 ± 5%, 10 ± 4%, and 4 ± 3% of the total prokaryotic community according to FISH at 25 locations, respectively (Fig. 5 ). There were, however, some differences between clone library and FISH results. Members of Further details as in Fig. 2 legend Sample Eub338 SAR86 96B-16 96A-14 Polaribacter AGG58 b2 DE cluster2 RCA cluster SAR11 Total Shelf 79 ± 9 6 ± 5 6 ± 5 3 ± 2 7 ± 6 3 ± 3 4 ± 2 11 ± 5 22 ± 15 62 Slope 71 ± 21 7 ± 5 6 ± 4 5 ± 3 6 ± 5 4 ± 3 4 ± 2 8 ± 3 21 ± 10 61 Basin 75 ± 10 10 ± 4 3 ± 1 4 ± 1 3 ± 1 1 ± 1 4 ± 2 10 ± 4 27 ± 9 62
Jul-Aug 02 75 ± 12 7 ± 4 3 ± 2 2 ± 1 6 ± 4 2 ± 2 2 ± 1 8 ± 3 34 ± 6 64 May-Jun 04 80 ± 9 6 ± 3 8 ± 4 6 ± 3 6 ± 5 5 ± 5 4 ± 2 9 ± 4 15 ± 11 58 Jul-Aug 04 77 ± 9 10 ± 6 4 ± 2 4 ± 2 6 ± 5 3 ± 3 7 ± 3 12 ± 4 21 ± 6 66
All stations 77 ± 10 8 ± 5 6 ± 4 4 ± 3 6 ± 5 3 ± 4 4 ± 3 10 ± 4 23 ± 11 63 (Fig. 5) .
Leucine assimilation by groups of closely related bacteria
The contribution of specific bacterial groups to total bacterial biomass production can be estimated using either the fraction of 3 H-leucine-assimilating cells or the silver grain area associated with each group. Since the 2 approaches did not differ significantly (p > 0.05; paired t-test), the fraction of leucine-assimilating cells was used to determine contribution to biomass production.
The fraction of total prokaryotes (DAPI-positive cells) assimilating leucine ranged from 46% on the continental shelf to 12% in the Canada basin. Together the Polaribacter, RCA Roseobacter, Arctic96B-16, and SAR11 clades accounted for a substantial fraction of both the total community and the total biomass production at 4 locations (Table 4) . On the continental shelf, for example, half of all cells and of bacterial production could be ascribed to these 4 clades. The Roseobacter RCA-subgroup alone accounted for 4 to 23% of leucine assimilation at the 4 locations in the western Arctic Ocean, and the Polaribacter clade accounted for <1 to 22% (Fig. 6a) . Interestingly, the less abundant and less diverse Arctic96B-16 clade (> 96% sequence similarity) was typically responsible for the same portion of bacterial production (~16%) as the more abundant and diverse SAR11 clade (> 87% sequence similarity).
Regression analysis identified a linear relationship between the percentage of total cells and leucineassimilating cells accounted for by a group (model II geometric mean regression; R 2 = 0.61; p < 0.001), indicating that the contribution of any specific group to bacterial production was determined largely by its abundance (Fig. 6a) . However, one notable exception was found at the continental slope station where the Arctic96B-16 group was responsible for 39% of bacterial production but was only 18% of the total community (Fig. 6a) . These data suggest that a large fraction of total bacterial production in Arctic assemblages can often be ascribed to a few bacterial groups.
In addition to determining the contribution of a group to bacterial production, the micro-FISH data can also be used to examine the fraction of cells within a group that are actively assimilating Table 4 . Mean (± 95% CI) combined contribution of the Polaribacter, Arctic96B-16, Roseobacter RCA, and SAR11 clades to total prokaryotic abundance and biomass production at 4 locations in the Arctic Ocean. BP: bacterial production (µg C l -1 d active cells tended to be lower in the basin than at the continental shelf and shelf break (Fig. 6b) . For example, 55 to 57% of Arctic96B-16 cells were actively assimilating leucine at the shelf and shelf break stations, whereas only 23% of cells belonging to this group were active in the basin. In addition, the overall abundance of a group was not related to the fraction of cells within the group that were active (model II geometric mean regression, R 2 = 0.01). For example, on the continental shelf, 45 to 50% of both Polaribacter and Roseobacter RCA cells actively assimilated 3 H-leucine, yet these groups accounted for a large (24%) and small (8%) fraction of total bacterial community, respectively (Fig. 6b ). It appears that factors other than growth rate had a large impact on the abundance of specific bacterial groups at these locations.
DISCUSSION
Most of the sequences in our Arctic library were ≥97% similar to other bacteria found previously in the Arctic Ocean, consistent with the hypothesis that Arctic bacterial communities differ from those in low latitudes. To better understand the geographic distribution of groups in our library, we used the 'Marine Bacterioplankton Database' (MBD) (Pommier et al. 2005) to determine the locations where similar sequences have been discovered. Sequences belonging to the Arctic96B-16 and Polaribacter clusters from this study were ≥98% similar to sequences in MBD contigs 38 and 665, which have only been found in the polar oceans (Pommier et al. 2005) . Bacteria from the Roseobacter RCA cluster and the SAR92 clade live in both temperate and polar regions (Selje et al. 2004 , Pommier et al. 2005 , but the Arctic96A-14 group forms a distinct phylogenetic cluster within the SAR92 clade, and may represent a primarily Arctic lineage within the SAR92 clade. These results support the hypothesis that Arctic assemblages are distinct from temperate communities and that they contain some phylogenetic groups found only in polar waters.
The relative abundance of major phylogenetic groups in the library examined in this study differs from other marine libraries examined to date. Libraries of 16S rRNA sequences from temperate regions are typically dominated by Alphaproteobacteria, while Gammaproteobacteria sequences are usually second or third most abundant (Rappé et al. 1997 , Fuchs et al. 2005 . In contrast, Gammaproteobacteria sequences were the most abundant in the Arctic library, and Alphaproteobacteria sequences were the third most abundant. The Arctic library also differs from other libraries because it lacks sequences from other major phylogenetic groups typically found in the oceans, such as the Betaproteobacteria and Actinobacteria. Bano & Hollibaugh (2002) also did not find representatives of these groups in sequence libraries from the Arctic Ocean. While Betaproteobacteria and Actinobacteria do not typically dominate marine communities (Glöckner et al. 1999 , representatives are often present in libraries from temperate regions , Fuchs et al. 2005 . The absence of these and other major bacterial groups suggests that bacterial diversity in the Arctic can be lower, at least at a large phylogenetic scale, than in temperate environments.
To address differences between the diversity of Arctic and temperate communities more directly, we compared our Arctic library with a recent library from Massachusetts coastal waters (Acinas et al. 2004 ). Both libraries were constructed using the same methods to avoid PCR errors, and sequences were determined over the same region of the 16S rRNA gene. The number of OTUs in groups with 100, 99, and 97% sequence similarity was greater in the Massachusetts coastal library than in the Arctic library (Table 5 ). The Chao-1 estimate of the original number of bacterial sequences in the Massachusetts coastal library was also greater than in the Arctic library. This conclusion is supported by the Shannon-Wiener index calculated at 99 and 97% sequence similarity, although there was no statistically significant difference at 100% sequence similarity (Table 5) the community DNA collected for the Arctic library came from the < 0.8 µm size fraction, and a lack of sequences from particle-attached bacteria could have led to an underestimate of diversity. More comparisons of similarly constructed libraries are necessary to better understand possible differences in the diversity of bacterial assemblages from Arctic waters and other regions. One goal of this study was to determine if microbial assemblages in the Arctic were composed of bacterial clusters with high sequence similarity. We found that the number of OTUs in the Arctic library dropped by more than half when sequences were grouped at 99% similarity, but changed little when sequences were further grouped at 97% similarity (Table 5) . Acinas et al. (2004) reported similar clustering at the 99% level in a library from Massachusetts coastal waters, suggesting that bacterial assemblages from a variety of environments can be composed of microdiverse clusters and that perhaps this pattern of organization is common to marine bacterial communities. These clusters of highly similar sequences were not found in earlier studies, perhaps because of small library sizes, short sequences, and the presence of spurious sequences resulting from PCR errors (Acinas et al. 2004) . Additionally, clones in other studies were often pre-screened with fingerprint techniques to ensure that only distinct clones were sequenced, which would prevent the discovery of microdiverse clusters. Since clusters of high sequence similarity may represent groups of bacteria with similar ecological roles, establishing if this type of clustering is a common feature of bacterial communities is essential for a better understanding of the relationship between the composition of bacterial assemblages and biogeochemical activity.
It is unclear which factors are most important for determining the abundance of bacterial groups in the Arctic Ocean. In this study, the abundance of specific bacterial groups was not strongly correlated with the percentage of active cells within these groups, suggesting that the abundance of these groups was greatly influenced by factors other than growth rate. Similar results were found in the Delaware estuary where the abundance of Alphaproteobacteria, Gammaproteobacteria, and Cytophaga-like bacteria was not strongly correlated with growth rates , Yokokawa et al. 2004 ). hypothesized that top-down pressures such as grazing and viral lysis might explain the low correlation between abundance and growth rates in the Delaware estuary. Mortality from grazing and viral lysis may also influence the structure of Arctic communities by selectively removing the faster growing bacterial groups (Fuhrman 1999 , Suzuki 1999 ).
Rates of mortality from viral lysis in the Chukchi Sea can be equivalent to 10-23% of bacterial production (Steward et al. 1996) , and protists can consume 4 to 30% of bacterial production d -1 in the central Arctic Ocean (Sherr et al. 1997) , indicating that grazing and viral lysis could have a substantial impact on the abundance of various bacterial groups in Arctic waters.
One challenge in understanding the ecology of bacterial communities is to determine which of the bacteria comprising these diverse communities dominate the flux of dissolved organic matter (DOM). Earlier studies focused on the contribution to biomass production by major groups such as the Alphaproteobacteria, Gammaproteobacteria, and Bacteroidetes , Longnecker et al. 2006 , Zhang et al. 2006 , which are broad groups on the level of a 'phylum' or 'class'. The contributions of more specific bacterial groups were examined in this study. For example, Roseobacter RCA clade is a single cluster containing sequences with ≥98% similarity, whereas the SAR11 clade, which was the most diverse group analyzed with micro-FISH, is made up of 4 to 5 clusters containing sequences with ≥98% similarity (Acinas et al. 2004, this study) . When the clusters that make up the groups examined with micro-FISH are added together, we find that 25 to 82% of bacterial production can be ascribed to only 10 to 11 clusters. If the common cutoff of ≥97% 16S rRNA gene sequence similarity for a bacterial 'species' is applied, then just 10 to 11 clusters typically accounted for most of bacterial production in this study. This suggests that although the diversity of bacterial communities is high, at any one time only a few microdiverse clusters may be responsible for most of the DOM flux. The next challenge is to examine the specific organic compounds consumed by these bacterial clusters, and determine if the closely related members of these clusters display phenotypic similarities.
